1. Introduction {#s0005}
===============

Hepatitis C is a liver disease caused by the hepatitis C virus (HCV). HCV is a positive-strand RNA virus encoding a polyprotein that undergoes proteolytic cleavage to 10 polypeptides, each with a distinct function. The structural proteins consist of two envelope glycoproteins, both of which are targets of the host antibody response, and the core protein, which interacts with progeny viral genomes for assembly of the virus. The nonstructural proteins NS2, NS3, NS4A, NS4B, NS5A, and NS5B form a complex with viral RNA to initiate viral replication in a cytoplasmic membranous structure[@bib1].

HCV causes both acute and chronic infections. Acute infection is a non-life threatening disease and ranges from being asymptomatic to causing a self-limited hepatitis. About 15%--45% of acute infected patients spontaneously clear HCV within several months after infection. The remaining 55%--85% of patients develop chronic infection. Currently, almost 140 million people in the world have chronic HCV infection, including 4 million Americans and over 10 million Chinese. Of those with chronic infection, 15%--30% develop cirrhosis and the risk of hepatocellular carcinoma increases more than 20 fold within 20 years of infection. Unlike hepatitis A and B, a vaccine for HCV is not available. The therapy for HCV infection relies only on antiviral drugs. Before 2011, the standard regimen of anti-HCV therapy was pegylated interferon alpha (PEG-IFN*α*) plus ribavirin (RBV) for a period of 24--48 weeks. This dual therapy (DT) produced cure rates of between 70%--80% for HCV genotypes 2 and 3, and 45%--60% for genotypes 1 and 4. Although some patients could be cured of their infection, this DT regimen was associated with substantial toxicity and many patients were not candidates for therapy because of contraindications to interferon including pre-existing depression and certain auto-immune diseases. These toxicities and contraindications combined with low response rates (especially in genotype 1 and 4 infection) drove a search for more effective and less toxic agents. Over the last several years, basic HCV research has led to the discovery and clinical development of a large number of new anti-HCV drugs, including several direct-acting antivirals that are targeted against several molecular targets. These include NS3/4A protease inhibitors (PIs), NS5B polymerase inhibitors and NS5A inhibitors.

The first generation of NS3/4A PIs (boceprevir and telaprevir) was approved for clinical use in 2011. In the middle of 2011, PEG-IFN/RBV therapy for HCV genotype 1 infection was supplanted by PEG-IFN--based triple therapies with the addition of first generation PIs---boceprevir (BOC) or telaprevir (TVR). With the addition of boceprevir or telaprevir to PEG-IFN/RBV, cure rates for HCV genotype 1 increased to 65%--75%. By 2013, the second generation of DAA drugs including sofosbuvir increased sustained virologic response (SVR) rates to 90%--100%. A "second generation" PI, simprevir, resulted in similar SVR rates when added to PEG-IFN/RBV. By 2014, IFN-free regimens had essentially replaced interferon-based therapy. Sofosbuvir/ledipasvir and sofosbuvir/simeprevir/RBV resulted in genotype1 SVR rates of 92%--100%. Combinations of ombitasvir, paritaprevir/ritonavir/dasabuvir with/without RBV achieved SVR rates as high as 100%. The next steps in the clinical development of anti-HCV therapy are expected by late 2015--early 2016 with the availability of pangenotypic ultra-rapid (4--8 weeks) single pill regimens such as grazoprevir/MK8742, Sofosbuvir/GS5816 and BMS791325/DAC/Asunaprevir. This review is focused on the development of the above-mentioned DAA drugs ([Table 1](#t0005){ref-type="table"}) in the treatment of HCV infections in next several years.

2. First generation DAAs: boceprevir and telaprevir {#s0010}
===================================================

Boceprevir (SCH 503034, [Fig. 1](#f0005){ref-type="fig"}A)[@bib2], [@bib3] and telaprevir (VX-950, [Fig. 1](#f0005){ref-type="fig"}B)[@bib4], [@bib5] are HCV NS3/4A PIs. Both of these drugs show potent inhibition of the HCV NS3/4A protease with *K*~i~ values of 14 and 7 nmol/L, respectively. They also exhibit ant-HCV activity in cell culture with IC~50~ values of 200--280 nmol/L. In phase I clinical trials, treatment with either boceprevir or telaprevir resulted in 1.5--4.4 log~10~ IU/mL drops in plasma HCV RNA levels. Combining boceprevir or telaprevir with PEG-IFN*α* with or without RBV increased anti-HCV effects and decreased the emergence of resistance. The results of phase III trials demonstrated that triple therapy with either boceprevir or telaprevir and PEG-IFN*α* and RBV increased SVR rates from 30%--40% with PEG-IFN*α* and RBV alone to 65%--76%. Although the two drugs were reasonably well tolerated the continued presence of PEG-IFN*α* and RBV in the combination regimen severely limited their clinical utility. When clinical studies of the two drugs were completed, the US Food and Drug Administration (FDA) approved boceprevir (trade name: Victrelis) and telaprevir (trade name: Incivek, Incivo) for use in combination with PEG-IFN*α* and RBV for adult patients chronically infected with HCV genotype 1 in May of 2011. Since 2011, more than 100,000 people globally have taken the two drugs. Vertex Pharmaceuticals decided to stop selling Incivek on October 16, 2014. Merck plans to discontinue selling boceprevir for HCV infection by December 2015. These decisions were based on the appearance of the new and better next generation DAAs that will be described in more detail below. These new drugs can be used in well tolerated all oral, interferon-free regimens, such as sofosbuvir/ledipasvir (Harvoni, Gilead) and Viekira Pak (AbbVie). These regimens produce cure rates in the 90%--100% range when taken for 8--24 weeks.

3. Second generation DAAs {#s0015}
=========================

3.1. Sofosbuvir {#s0020}
---------------

Sofosbuvir (GS-7977, [Fig. 2](#f0010){ref-type="fig"}A)[@bib6], [@bib7] is a nucleotide analog that inhibits HCV NS5B polymerase. After ingestion, it is rapidly converted to GS-331007. GS-331007 is efficiently taken up by hepatocytes and become GS-461203, the pharmacologically active uridine analog 5\'-triphosphate form after conversion by cellular kinases. This triphosphate compound mimics the natural cellular uridine nucleotide and is incorporated by the HCV RNA polymerase into the elongating RNA primer strand, resulting in chain termination. Sofosbuvir displays potent inhibitory activity against HCV RNA replication with an EC~50~ of 0.92 nmol/L and EC~90~ of 0.29 µmol/L. When assessed in an 8-day cytotoxicity assay, it shows no cytotoxicity against Huh7, HepG2 and CEM cells even at concentrations up to 100 µmol/L. In clinical trials of sofosbuvir/PEG-IFN/RBV, patients with genotype 1 or 4 infection achieved SVR rates of 92%. The combination of sofosbuvir and RBV achieved SVR rates of 100% for genotype 2 infection and 91% for genotype 3 infection. Because GS-461203 does not inhibit host DNA polymerases, RNA polymerases or mitochondrial RNA polymerases, sofosbuvir is extremely well tolerated by patients. On December 6, 2013, FDA approved sofosbuvir (brand name: Sovaldi) for use in the treatment of chronic hepatitis C, genotypes 1, 2, 3 and 4, in combination with PEG-IFN and RBV, or with RBV alone (depending on the genotype). Subsequently it has been approved for use in combination with the viral NS5A inhibitor ledipasavir in an interferon-free regimen for the treatment of genotype 1 patients. Sofosbuvir is also highly effective in HCV patients who are co-infected with HIV.

3.2. Simeprevir {#s0025}
---------------

Simeprevir (TMC435, [Fig. 2](#f0010){ref-type="fig"}B)[@bib8], [@bib9] is a highly specific and potent inhibitor of HCV NS3/4A protease. *K*~i~ values of 0.5 and 0.4 nmol/L against the protease enzyme were determined in biochemical assays. The EC~50~ of simeprevir for inhibiting HCV genotypes 1b and 1a in cell culture models of HCV infection is 8 nmol/L. The selectivity index is over 5000. Simeprevir is extensively distributed to the liver and intestinal tract with a biovailability of 44% after a single oral administration. Clinical results demonstrate that simeprevir is safe and well tolerated, and achieved SVR rate (viral cure) of 79%--81% in three pivotal phase III combination trials in hepatitis C-infected patients. Semeprevir was also studied in interferon-free trials with and without ribaviran. An SVR rate of 92% was achieved when it was used in combination with sofosbuvir in genotype 1 patients. On October 24, 2013, FDA approved simeprevir (trade name: Olysio, Sovriad) for clinical use, and it is indicated for treating chronic HCV infection as a part of a triple antiviral treatment regimen consisting of two other drugs: PEG-IFN and RBV. It is primary efficacious in treating HCV genotype 1 infected subjects with compensated liver disease, including cirrhosis. Simeprevir has been tested in interferon-free regimens with other direct-acting antiviral agents including daclatastir and sofosbuvir. A recent study has shown the effectiveness of simeprevir therapy with PEG-IFN and RBV in post-liver transplant patients with recurrent HCV.

3.3. Harvoni {#s0030}
------------

Harvoni (sofosbuvir+ledipasvir; GS7977+GS-5855) is a fixed-dose combination tablet containing ledipasvir (90 mg) and sofosbusvir (400 mg) for oral administration. As mentioned above, sofosbuvir is a nucleotide analog inhibitor of HCV NS5B polymerase. Ledipasvir ([Fig. 2](#f0010){ref-type="fig"}C)[@bib10] is an HCV NS5A inhibitor. In HCV replicon assays, the EC~50~ values against genotypes 1a and 1b are 0.031 and 0.004 nmol/L, respectively. The median EC~50~ values against chimeric replicons are 0.018 and 0.006 nmol/L for genotypes 1a and 1b. Ledipasvir has lower antiviral activity compared to genotype 1 against genotypes 4a, 5a and 6a with EC~50~ values of 0.39, 0.15 and 1.1 nmol/L, respectively. Ledipasvir also exhibits substantially lower activity against genotypes 2a, 2b, 3a, and 6e with EC~50~ values of 21--249, 16--530, 168, and 264 nmol/L, respectively. The efficacy of Harvoni against HCV genotype 1 was demonstrated in three phase III trials in which SVR rates of 93%--99% were achieved after 12 weeks of therapy. Relapse rates of 0--2% were observed depending on baseline HCV RNA levels, with or without liver cirrhosis and other factors[@bib11]. The US FDA approved Harvoni to treat chronic HCV genotype 1 infection on October 10, 2014.

3.4. Viekira Pak {#s0035}
----------------

Viekira Pak contains three new drugs---ombitasvir ([Fig. 3](#f0015){ref-type="fig"}A), paritaprevir, ([Fig. 3](#f0015){ref-type="fig"}B), dasabuvir ([Fig. 3](#f0015){ref-type="fig"}C) and ritonavir ([Fig. 3](#f0015){ref-type="fig"}D), a previously approved drug which is used to increase blood levels of paritaprevir. Viekira Pak can be used with or without RBV, but it is not recommended for patients with poor liver function (decompensated cirrhosis).

Ombitasvir ([Fig. 3](#f0015){ref-type="fig"}A)[@bib12] is an HCV NS5A inhibitor with picomolar potency, pan-genotypic activity, and EC~50~ values of 0.82--19.3 pmol/L against HCV genotypes 1 through 5 and 366 pmol/L against genotype 6a. Ombitasvir\'s *in vivo* activity was demonstrated in an a 3-day monotherapy study at 5, 25, 50 and 200 mg dosed once daily in which decreases in HCV RNA of up to 3.1 log~10~ IU/mL were observed. Paritaprevir ([Fig. 3](#f0015){ref-type="fig"}B)[@bib13] is an efficacious inhibitor of HCV NS3/4A protease, with EC~50~ values of 1.0, 0.21, 5.3, 19, 0.09 and 0.69 nmol/L against stable HCV replicons with NS3 protease from genotypes 1a, 1b, 2a, 3a, 4a, and 6a, respectively. In a 3-day monotherapy study with HCV genotype 1-infected patients, paritaprevir was co-administered with ritonavir ([Fig. 3](#f0015){ref-type="fig"}D[@bib14], a cytochrome P450 3A4 inhibitor that is required as a pharmacologic enhancer for pariteprevir). In this study a mean maximum plasma HCV RNA decline of 4.02 log~10~ IU/mL was observed. Dasabuvir ([Fig. 3](#f0015){ref-type="fig"}C)[@bib15] is a nonnucleoside HCV polymerase inhibitor with EC~50~ values of 2.2 and 7.7 nmol/L against HCV genotypes Type 1a and 1b, respectively. In combination studies with other Abbvie DAA drugs comprising Viekera Pak, 91%--100% of patients were cured including those considered difficult to treat. The recommended dosing for Viekira Pak is two ombitasvir, paritaprevir, ritonavir 12.5 mg/75 mg/50 mg tablets once daily and one dasabuvir 250 mg tablet twice daily[@bib16]. The FDA approved Viekira Pak to treat patients with HCV genotype 1 infection, including those with a type of advanced liver disease called cirrhosis on December 19, 2014.

4. Investigational new drugs in phase III trials {#s0040}
================================================

Currently, several new drugs have entered into phase III clinical trials, but have not been approved by FDA to use in clinical.

4.1. Asunaprevir+daclatasvir+beclabuvir {#s0045}
---------------------------------------

Asunaprevir (BMS-650032, [Fig. 4](#f0020){ref-type="fig"}A)[@bib17] is a HCV NS3 protease inhibitor, and it has *K*~i~ values of 0.4 and 0.24 nmol/L against HCV genotypes 1a and 1b protease and IC~50~ values of 0.7, 0.3, 15, 78, 320, 1.6, 1.7 and 0.9 nmol/L for genotypes 1a, 1b, 2a, 2b, 3a, 4a, 5a and 6a. Daclatasvir (BMS-790052, [Fig. 4](#f0020){ref-type="fig"}B)[@bib18] inhibits the HCV nonstructural protein NS5A. Recent research suggests that it targets two steps of the viral replication process, enabling rapid decline of HCV RNA. Daclatasvir inhibited the JFH-HCV 3a hybrid replicons with EC~50~ ranging from 120 to 870 pmol/L, and similar daclatasvir potencies were also observed with replicon cell lines (EC~50~=0.14--1.25 nmol/L). Beclabuvir (BMS-791325, [Fig. 4](#f0020){ref-type="fig"}C)[@bib19] is a non-nucleoside inhibitor of HCV NS5B polymerase. It inhibits genotype 1 HCV NS5B polymerase with nanomolar potency, but shows no activity against the closely related RNA-dependent RNA polymerase from the pestivirus, bovine viral diarrhea virus, or human DNA polymerase. The clinical study that evaluated cirrhotic patients in a 12-week regimen of this three drug fixed combination regimen showed SVR 12 rates of 98% of in treatment-naïve and 93% in treatment-experienced cirrhotic patients with RBV and 93% of treatment-naïve and 87% of treatment-experienced cirrhotic patients without RBV[@bib20].

4.2. Grazoprevir+elbasvir {#s0050}
-------------------------

Grazoprevir (MK-5172, [Fig. 5](#f0025){ref-type="fig"}A)[@bib21], [@bib22] is selective inhibitor of HCV NS3/4A protease with broad activity across genotypes and resistant variants. In the replicon assay, it demonstrated sub-nanomolar to low-nanomolar EC~50~ values against genotypes 1a, 1b and 2a, and no evidence for cellular cytotoxicity. Grazoprevir was administered orally (1 mg/kg twice daily for 7 days) to three chimpanzees infected by wild-type genotype 1a or 1b HCV with viral titers 10^4^--10^6^ IU/mL, and all animals experienced an immediate, profound reduction in plasma HCV RNA levels (4--5 log~10~ IU/mL). Elbasvir (MK-8742, [Fig. 5](#f0025){ref-type="fig"}B)[@bib23], [@bib24] interferes with the HCV protein NS5A. In laboratory experiments with cells and HCV, it is active against most strains of HCV, including genotypes 1a, 1b, 2a, 3a and 4a. Side effects are similar to those reported for grazoprevir. High SVR rates were achieved with combinations of these drugs in patients with HCV infection, Grazoprevir+elbasvir+RBV resulted in a SVR~12~ rate of, 93% in patients with HCV monoinfection and, 98% in patients who were co-infected with HIV. In another study grazoprevir+elbasvir+RBV resulted in an SVR~12~ rate of, 97%. Without RBV grazoprevir+elbasvir resulted in a SVR~12~ rate of 87%. SVR~12~ rates were similar whether or not patients had HCV genotype 1a (92%) or genotype 1b (95%).

4.3. Viekirax (ombitasvir+paritaprevir+ritonavir) {#s0055}
-------------------------------------------------

In the Viekirax tablet[@bib25], the dosages of ombitasvir, paritaprevir, ritonavir are increased from 12.5 to 25 mg, 75 to 150 mg and 50 to 100 mg, respectively. On January 16, 2015, the European Medicines Agency has approved Viekirax and Exviera (Asunaprevir, 250 mg, twice daily) with or without RBV for patients with chronic HCV genotype 1 infections, including those with compensated liver cirrhosis, HIV-1 co-infection, patients on opioid substitution therapy and liver transplant recipients. Additionally, Viekirax has been approved for use with RBV in genotype 4 chronic hepatitis C patients. Despite cure rates of 97%, FDA has not yet approved Viekirax for clinical use. AbbVie has presented late-breaking, preliminary phase IIIb data with Viekirax+Exviera in chronic hepatitis C patients with renal impairment at the International Liver Congress 2015 on April 25, 2015, and hopes to get approval from FDA soon[@bib25].

5. Conclusions {#s0060}
==============

DAA\'s have changed the landscape of HCV therapy. The first generation HCV PIs began the new era of anti-HCV therapeutics, but within two years, they were replaced by new and better DAAs. With the second generation of DAAs "HCV cure" can be promised to 95%--100% of patients. This generation of drugs is expensive but new pricing strategies for resource limited countries are expected to make these drugs available globally over the next several years. Even better DAAs under investigation will go to market soon. It is the dawn of a new era of therapy for HCV infected persons around the world.
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DAAs in clinical use and in phase III trials.

Table 1

  Generic name                 Brand name                           Mechanism         Status                                               Pharmaceutical company
  ---------------------------- ------------------------------------ ----------------- ---------------------------------------------------- ------------------------
  Boceprevir                   Victrelis                            NS3/4A protease   Approved in 5/2011, to be  discontinued in 12/2015   Merck
  Telaprevir                   Incivek                              NS3/4A protease   Approved in 5/2011, discontinued  in 10/2014         Vertex
  Simeprevir                   Olysio                               NS34A protease    Approved in 10/2013                                  Janssen and
  MEDIVIR ab                                                                                                                               
  Sofobuvir                    Sovaldi                              NS5B polymerase   Approved in 12/2013                                  Gilead Science
  Sofobuvir (GS-7977)          Harvoni                              NS5B polymerase   Approved in 10/2014                                  Gilead Sciences
   +Ledipasvir (GS-5855)                                             +NS5A proteain                                                        
  Ombitasvir (ABT-267)         Viekira Pak                          NS5A protein      Approved in 12/2014                                  AbbVie
   +Paritaprevir (ABT-450)      +NS3/4A protease                                                                                           
   +Ritonavir                   +a cytochrome P450 3A4  inhibitor                                                                          
   +Dasabuvir (BT-333))         +NS5B polymerase                                                                                           
  Asunaprevir (BMS-650032)     n/a                                  NS3/4A protease   Phase III                                            Bristol-Myers
   +Daclatasvir (BMS-790052)    +NS5A protein                       Squibb                                                                 
   +Beclabuvir (BMS-791325)     +NS5B polymerase                                                                                           
  Grazoprevir (MK-5172)        n/a                                  NS3/4A protease   Phase III                                            Merck
   +Elbasvir (MK-8742)          +NS5A protein                                                                                              
  Ombitasvir (ABT-267)         Viekirax                             NS5A protein      Phase III                                            Abb Vie
   +Paritaprevir (ABT-450)      +NS3/4A protease                                                                                           
   +Ritonavir                   +a cytochrome P450 3A4  inhibitor                                                                          

n/a, not available.
